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Introduction

• Stringent operational requirements introduce:
Complexity
Nonlinearity
Uncertainty

• Gain scheduling:
Design a set of  “local” linear controllers
Interpolate local operating point designs

• Gain scheduling limitations:
Nonlinearities dominate 
Fast transitions between operating points

• Nonlinear control design takes advantage of
knowledge gained from linear controllers



Neural Networks for Control: Copying with Complexity

• Applicability to nonlinear systems

• Applicability to multi-variable systems

• Parallel distributed processing and hardware implementation

• Learning

• Flexible logic



Motivation for Neural Network-Based Controller

• Network of networks motivated by linear control structure

• Multiphase learning:

Pre-training

On-line training during piloted simulations or testing

• Improved global control

• Pre-training phase alone provides:

A global neural network controller 

An excellent initialization point for on-line learning



Proportional-Integral Controller
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Nonlinear Business Jet Aircraft Model

Aircraft Equations of Motion:

For the model:
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State vector:

Control vector:

Parameters:

Output vector:
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Aircraft Body Frame and Flight Path Angles

Flight path angles: γγγγ, ξξξξ, µµµµ
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Aircraft Angles

Euler angles: φφφφ, θθθθ, ψψψψ
Airflow angles: αααα, ββββ
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Neural Network Modelling of Aircraft Trim Maps

uc
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are solved for the control settings, uc, over 

initial estimate of operational domain, (X0, P0).

• The trim equations,

( ) ,0,, =puxf ccT

• The aircraft flight envelope consists of 

all (x,p), for which     a solution uc, s.t.:∃

• Command State Generator (CSG): 

employs kinematic equations to produce xc
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Example of Coordinated Maneuver
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Steady Climbing Turn:

[Etkin, “Dynamics of Flight”]Command input: [ ]Tccccc V βµγ=y
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Estimated Business Jet Aircraft Steady Flight Envelope

Stall speed:

CL = CLmax

Based on simplified aircraft model, and aerodynamics and thrust characteristics

Thrust-limited 
minimum speed

Maximum allowable 
dynamic pressure

Compressible Mach 
number limit

[Stengel, “Flight Dynamics and Control”]
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Spherical Mapping of Aircraft Angles

• Spherical trigonometric relations:
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• Redundant set of angles: φ, α
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• Angles defined on a unit sphere:

[Kalviste, 1987]



Non-Symmetrical Trim Solution at One Operating Condition 

In a coordinated maneuver: .,0,0 const=== ψθφ &&&

• Aircraft’s kinematic equations: 
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Given the command input, , and the scheduling variable, h,[ ]Tccccc V βµγ=y

Subject to,

• Spherical trigonometric relations:

• Airflow angles definitions:
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Computed
Multi-Dimensional 

Flight Envelope

β = 5, µ = -20
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Rotations of Three-Dimensional Envelope View
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Multidimensional Flight Envelope Storage Using Cell Arrays

Cell arrays are containers that can hold other MATLAB arrays
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Optimal Parameters Storage Using Cell Arrays

To each operating point, there corresponds a vector of optimal parameters

Optimal parameter cellMultidimensional cell
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Computation of Trim Optimal Parameters Throughout 
Flight Envelope
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Algorithm

Search for Vmin

Search for Vmax

Form a vector,

v(h) = Vmin : ∆V : Vmax

Store v(h), [ ]•*
au

Compute:
ua

*[γ, µ, β, v(h)]

h

γ = 0,β = 0, µ = -50
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Example: Business Jet Aircraft Trim Surfaces

V (m/s)

δR (deg)δA (deg)

δT (%) δS (deg)

γ = 3,β = 5, µ = -10

h (m)

V (m/s) h (m)

V (m/s) h (m)V (m/s)

h (m)



Summary and Conclusions

Non-symmetrical trim study:

• Full, nonlinear, coupled aircraft dynamics 

• Trim solution at one operating point

• Multidimensional flight envelope computation

• Multidimensional envelope and trim data storage

• Results: trim control surfaces


